Gas purging has been a common strategy to improve the possibility of cold start of a proton exchange membrane fuel cell (PEMFC) vehicles. In the present study, water removal in a PEMFC during gas purging after its shutdown is numerically investigated with a transient two-fluid model. The effect of purging gas flow rate on the liquid water and membrane water is explored. The results indicate that the water removal process is not sequential in the sub-regions of PEMFC and the purging gas flow rate affects the overall drying process.
Introduction
In recently years much progress has been made on the applications of the proton exchange membrane fuel cell (PEMFC), which is served as power sources. For instance, the Toyota motor company, as one of the hydrogen fuel cell vehicles manufacturer, has released its latest vehicles of the Mirai in November 2015 [1] . Despite of the achievements, water management in PEMFC is still a crucial issue to simultaneously obtain high membrane proton conductivity and avoid the occurrence of water flooding in gas diffusion layers (GDL) and catalyst layers (CL) [2] . This issue gets worse when the PEMFC operates in a subzero environment or in a dead-end anode mode. The former one is known as cold start. The residual water in the microporous layers can weaken the water storage capacity of the fuel cell, especially for the CL [3] . Therefore, the time needed for cold start shortens and the fuel cell may shut down easily. The accumulated water in the anode due to the back diffusion from the cathode can result in gas starvation and affect the output performance. Therefore, to delineate the residual water in the fuel cell is important and gas purging has been considered as an effective strategy.
To analyse the water removal process during the gas purge, much work has been devoted experimentally. Ge and Wang [4] explored the influence of gas purging on the cold-start, and found that gas purging is crucial to ensure the possibility of self-startup. Tajiri et al. [5] adopted two purge gases (nitrogen and helium) in their experimental work to study the purge effectiveness under different purge temperature, gas flow rate and relative humidity. They found that the purge performance can be described by two parameters, which represent the diffusive flux of water vapor across CL/GDL and convective flux of water down the channel. Despite of the experimental work, several numerical studies are also performed. Sinha and Wang [6] developed an analytical purge model to describe CL/GDL and MEM drying for the cathode side. The model ignores the membrane water transport between the cathode and anode sides and simplifies the drying process of MEM. Later, Sinha and Wang [7] presented a simplified isotherm two-mixture model to describe the water removal during the gas purge. However, the difference between the numerical and experimental results under lower temperatures is observed. They attributed the difference to the drying front morphology. In the present study, based on the two-fluid model [2] [3] , we developed a transient purge model with the mutual-conversions of different states of the water considered.
Model development
The computation domain as well as its mesh system we adopted is illustrated in Fig. 1 . The domain contains the whole components such as the anode bipolar plate (ABP), anode gas channel (AGC), anode GDL, anode CL, membrane, cathode bipolar plate (CBP), cathode gas channel (CGC), cathode GDL and cathode CL. When the fuel cell works under the reaction mode, the anode and cathode sides are fed with humidified hydrogen and humidified air respectively; when it works under the gas purge mode, the anode and cathode sides are fed with humidified nitrogen or the humidified reaction gases. Table 1 lists the detailed operation conditions. The present model considers the transient transport and the whole physicochemical processes in PEMFC, which includes the conservation of mass, momentum, species, energy, charge, liquid water and dissolved water.
Mass of gaseous mixture:
Momentum of gaseous mixture:
Species transport (X k represents the mass fraction of hydrogen, oxygen and vapor):
Electronic potential transport:
Ionic potential transport:
Liquid water transport:
Dissolved water transport:
Energy transport: (8) Note that all the equations above are coupled through the source terms, which are related with the electrochemical reactions or the conversions of different water states. The expressions for all the source terms are suggested to refer to [2] [3] for brevity. In order to study the water transport in the fuel cell under the purge mode, an initial water distribution of different water states is needed. Following [7] , the initial condition for the purge mode is based on a steady-state simulation of reaction mode. It is worth noting that the electrochemical reactions (Equations (4) and (5)) are not considered in the purge mode. To verify the present model, the high frequency resistance (HFR), which is adopted as an indicator to monitor the status of water content in MEM, has been calculated with the following equation:
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where mem t and mem V refer to the thickness and the volume of MEM, respectively. The membrane HFR
predicted by the present model has been compared with the experiments conducted by Tajiri et al. [5] and numerical results studied by Sinha and Wang [7] . The operation condition in the validation work is the same with that in the above two literatures and it is omitted here for simplicity (readers are suggested to review the Table 4 in the reference [7] ). The result presented in Fig. 2 shows that a large discrepancy between our model and the numerical model adopted by Sinha and Wang exists. This is because that the conversion among different kinds of water has been fully considered in our model. Since the membrane HFR is highly influenced by the membrane water content and temperature, the non-isotherm simulation may also contributes the accuracy of our model. Therefore, our model correlates with the experimental result quiet well. 
Result and discussion
In this section, we will examine the effect of purging gas flow rate on the water removal process. Main focus is put on the dryness of flow channel, GDL, CL and MEM.
The purging volumetric flow rate is crucial since a trade-off should be achieved between the purging time and parasitic power. The influence of the purging flow rate on the water removal attributes to two mechanisms: surface evaporation and motion of the liquid water. The surface evaporation rate is related with the Reynolds number and Schmidt number [8] , while the liquid water movement is determined by the adhesion and drag forces [9] .
As is shown in Fig. 3 , time evolution of the relative humidity at the central line of gas channels with different gas flow rates is firstly presented. The x-axis is the normalized channel length. It is interesting to find that the relative humidity in cathode channel is lower than that in anode channel in the first several seconds, and after that the result is just the opposite. The reason can be explained as follows. Gas purging starts as the fuel cell shuts down, and therefore the heat source terms (reversible heat, activation heat, Ohmic heat) for the cell disappear. The temperature of the sub-regions such as the GDL/CL and MEM will drop which benefits the water accumulation due to a lower saturation vapor pressure. Besides, the relatively higher operation temperature results in smaller liquid water saturation in the fuel cell, which suggests that the capillary effect governing the motion of the liquid water is relatively small. According to Cho and Mench [10] , the irreducible saturation for the case where the ratio of the channel and rib width equaling 1 is around 0.12, while the liquid saturation calculated in the present study is around 0.09. Therefore, the water mass flux purged from the cell is mainly governed by the vapor diffusion. Moreover, the residual reaction gases in cathode are relatively larger which adversely affects the purge of the vapor. With the proceeding of the purging time, the vapor diffusion due to the surface evaporation predominates the rate of water mass flux from the GDL/CL, and therefore the relative humidity in cathode is higher because of its higher liquid saturation. Fig. 3 also displays that the relative humidity along the flow direction increases monotonically due to the accumulation of the purged water from the cell, and the result agrees well with [7] qualitatively. The increasing relative humidity weakens the dryness along the flow direction. The variation of relative humidity with the purging time indicates that the rate of purged water mass flux decreases since the liquid saturation becomes less. This phenomenon tends to be more obvious with the increase of the purge gas flow rate. As is addressed before, the increasing gas flow rate benefits the surface evaporation ahead of the drying front and also accelerates the diffusion of the water vapor. 4 illustrates the evolution of liquid saturation distributions of the base case. It can be found that the drying front moves in the through-plane as the purge proceeds, which will increase the distance between the drying front and the interface of gas channel and GDL. Consequently, the rate of the purged water decreases. When the purge time is higher than 20 seconds, it is especially significant that the liquid saturation under the channels has been moved out thoroughly. Meanwhile, the variation of liquid saturation slows down. Fig. 4 also shows that the dryness of GDL/CL is not sequential. Capillary flow in the GDL/CL enables the dry process of CL even though the drying front is still in the GDL. The decreasing liquid saturation in CL will result in the variation of the membrane water in CL based on the adsorption/desorption process, it will promote the dryness of the membrane at the same time. This explains the sequential variation of membrane HFR with purging time in experimental result [5] . Liquid saturation under the rib is higher than that under the channel due to its difficulty to be removed. When the purge time is at 5 seconds, the dryness of ACL starts even though the liquid saturation in the AGDL under the rib is still high. This result also proves the dryness of CL/GDL is simultaneous. 5 shows the evolution curves of the volumetrically average HFR with different gas flow rates in MEM. HFR is highly influenced by the membrane water and temperature. As can be seen in this figure, due to the decreasing of the membrane water, HFR increases with purge time firstly and then reaches a constant. It should be noted that during the time of 0-0.5 second, HFR increases dramatically. This is attributed to the decrease in membrane temperature as stated before. It also suggests that higher gas flow rate is beneficial for the dryness of the membrane, however, the improvement is not significant when the gas flow rate increasing from 3.74 to 14.96×10 -6 m 3 s -1 . 
Conclusion
A transient purge model based on a two-fluid model is built to investigate the gas purge in a fuel cell. The influence of gas flow rate on the water removal process is performed. The main conclusions are as follows: Water removal during the purge process is not sequential, it occurs in all the sub-regions because of the mutual conversion of three kinds of water existed in the fuel cell simultaneously. Dryness of the channels shows high dependence on the purging flow rate while the dryness of the membrane shows less influence on the purging flow rate. Surface evaporation predominates the liquid water removal rather than the capillary flow since the liquid saturation is low.
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